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Adult neurogenic niches are present in both vertebrates and invertebrates. Where do stem cells populating
these niches originate, and what are the mechanisms maintaining their self-renewal? In this issue of
Developmental Cell, Benton et al. (2014) show that in crayfish, hemolymph-derived cells enter a neurogenic
niche to replenish neural progenitors.The CNS is derived from neural progenitor
cells that split from the ectodermal germ
layer of the early embryo. Neural progen-
itors can take on the shape of an invagi-
nated neuroepithelium, such as the neural
tube in vertebrates, or individual stem
cell-like neuroblasts, as in insects or
crustaceans. The production of neurons
ceases in most parts of the CNS once
it is mature. However, specific foci of
continued adult neurogenesis have been
discovered in a number of animal species.
These foci are neural stem cell niches that
provide signals promoting an undifferenti-
ated, proliferating state. Mammals have
two such niches, associated with the ol-
factory bulb and the hippocampus (Braun
and Jessberger, 2014). In some insect
species, adult neurogenesis is found in
the mushroom body, a center of learning
and memory like the mammalian hippo-
campus (Cayre et al., 2007). Adult stem
cell niches have also been described for
the olfactory and visual centers of crusta-
ceans (Schmidt, 2007). One important
question pertains to the origin of these
adult neural stem cells. In mammals and
insects, they represent active ‘‘leftovers’’
from embryonic neural progenitors (Fig-
ures 1A and 1B). For example, the
neuroblasts associated with the adult
mushroom body in insects are direct
descendants of the corresponding em-
bryonic progenitor cells. A similar origin
was thought to exist for the neural stem
cell niches that replenish neurons of the
olfactory lobe in crustaceans. As shown
in the paper by Benton et al. (2014) in
this issue ofDevelopmental Cell, the crus-
tacean brain possesses an ‘‘open’’ niche
that is populated by blood-born cells
that transform into neural progenitors
(Figure 1C).The olfactory lobe is a prominent sen-
sory compartment of the crustacean brain
that receives input from chemoreceptors
on the antennae. Chemosensory afferents
terminate in dense neuropile domains,
called glomeruli, where they synapse on
both local interneurons and on projection
interneurons whose axons transmit the
sensory information to higher brain cen-
ters (Sandeman and Sandeman, 2003).
A number of studies have reported the
presence of clusters of dividing cells
among the olfactory interneurons in adult
lobster brains (Schmidt, 2007; Benton
et al., 2013). These cells differentiate into
neurons over a period of weeks, express-
ing various transmitters and adopting
a neuronal morphology, which indicates
that they correspond to neural progeni-
tors (Figure 1C, ‘‘neural proliferation cen-
ter’’). Surprisingly, self-renewing stem
cells (neuroblasts) associated with the
neural progenitors seem to be absent in
this system. Instead, progenitors migrate
toward the olfactory lobe from a distant
location, the neurogenic niche. The niche,
situated at the ventral surface of the brain,
is formed by cells that are closely related
to the glial cells and vascular cells sur-
rounding the brain (da Silva et al., 2012;
Figure 1C). At the center of the niche is
a hemolymph-filled extracellular space
reached by a blood vessel. The wall of
the niche contains dividing cells that exit
and migrate along the long processes
of specialized niche cells toward the pro-
liferation centers in the olfactory lobe,
producing a constant source from which
neural progenitors are replenished. This
pathway of adult neurogenesis, unusual
in itself, became even more puzzling
when resident neural stem cells could
not be found in the peripheral niche.Developmental Cell 30Following BrdU pulses, labeled cells re-
mained within the niche for only a few
days, after which they were found in the
stream of migrating cells and/or the olfac-
tory lobe (Benton et al., 2011). It was
speculated that the niche must be sup-
plied with neural progenitors from the
outside. Blood cells (hemocytes) offer
themselves as one possible source, given
the intimate relationship between the
niche and the vascular system and the
in vitro observation that a special type of
hemocyte (semigranular hemocytes) ex-
tracted from the hemolymph is attracted
to the niche (Benton et al., 2011).
Benton et al. (2014) provide several
lines of evidence that hemocytes are
indeed the source of neural progenitors
supplied to the neurogenic niche. First
and foremost, following the transfer of
labeled hemocytes into the body cavity
of a host animal, labeled cells were de-
tected in the neurogenic niche and
subsequently in the olfactory proliferation
centers, where they differentiated into
neurons. In addition, ablation of the he-
matopoietic tissue resulted in a decrease
of proliferating cells within the niche.
Conversely, expression of the peptide
hormone Astakine 1, known to stimulate
hematopoiesis in crustaceans, upregu-
lated the number of niche cells and neural
progenitors. These findings all indicate
that a type of hemocyte, presumably
born in the hematopoietic organ, homes
in on the neurogenic niche, where it
‘‘transdifferentiates’’ into a neural progen-
itor that supplies new neurons for the
olfactory lobe.
The finding of mesodermal, blood-born
neural stem cells is quite unique. There
is a body of work suggesting that
in mammalian systems, experimentally, August 11, 2014 ª2014 Elsevier Inc. 253
Figure 1. Comparing Adult Neurogenesis across Animal Taxa
Ectodermally derived neural progenitors give rise to stem cells that maintain adult neurogenesis in
vertebrates (A) and insects (B). The neurogenic niche in the adult brain of crayfish is supplied with stem
cells originating from the hematopoietic system (C). Distributed pluripotent stem cells (neoblasts)
replenish cells of all tissues, including nervous system, in some lower invertebrate phyla (e.g., acoels,
platyhelminths; D).
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are able to differentiate as neurons (Me-
zey, 2011), but there is currently no evi-
dence that, under normal conditions,
adult neurogenesis is supplied by stem
cells outside the known subventricular
niches. The same can be stated for
most invertebrate systems, although our
knowledge about the mechanisms of
invertebrate neurogenesis in general,
and adult neurogenesis in particular, is
very limited for nonarthropod species. It
is clear that in insects that have adult neu-
rogenesis, the adult stem cells are de-
scendants of the (ectodermally derived)
neuroblasts that produce neurons during
the embryonic period. The only known
instance in which stem cells that are254 Developmental Cell 30, August 11, 2014derived from outside the nervous system
or ectoderm supply a constant replenish-
ment of neurons is in platyhelminths (flat-
worms) and acoels, which are considered
to be among the most primitive bilater-
ians. In these animals, a pool of freely
circulating, pluripotent stem cells, called
neoblasts, provide a source for all types
of cells (Figure 1D). Differentiated cells,
within the nervous system or any other
organ, are strictly postmitotic, and tis-
sue-specific stem cells have not been
observed. Pulses of BrdU initially label
all (slowly dividing) neoblasts, and this
is followed by the appearance of labeled
neurons and other differentiated cell
types (Rink, 2013). Perhaps the existence
of blood-born neural stem cells thatª2014 Elsevier Inc.replenish highly specialized brain foci in
crustaceans harks back to a phylogeneti-
cally ancient scenario where pluripotent
stem cells that migrated throughout the
body and supplied new neurons and other
differentiated cell types were the norm.
One can hope that the discovery of
blood-supported adult neurogenesis in
crustaceans will stimulate the search for,
and closer attention to, similar mecha-
nisms in other taxa. And, most certainly,
the crustacean mode of adult neurogene-
sis will provide a suitable paradigm to
study the mechanism responsible for at-
tracting hemocytes toward a neurogenic
niche and respecifying these cells toward
a neural fate.
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